Animal studies reveal that the amygdala promotes attention and emotional memory, in part, by driving activity in downstream target regions including the prefrontal cortex (PFC) and hippocampus. Prior work has demonstrated that the amygdala influences these regions directly through monosynaptic glutamatergic signaling, and indirectly by driving activity of the cholinergic basal forebrain and subsequent downstream acetylcholine release. Yet to date, no work has addressed the functional relevance of the cholinergic basal forebrain in facilitating signaling from the amygdala in humans. We set out to determine how blood oxygen level-dependent signal within the amygdala and cholinergic basal forebrain interact to predict neural responses within downstream targets. Here, we use functional connectivity analyses to demonstrate that the cholinergic basal forebrain moderates increased amygdala connectivity with both the PFC and the hippocampus during the processing of biologically salient stimuli in humans. We further demonstrate that functional variation within the choline transporter gene predicts the magnitude of this modulatory effect. Collectively, our results provide novel evidence for the importance of cholinergic signaling in modulating neural pathways supporting arousal, attention and memory in humans. Further, our results may shed light on prior association studies linking functional variation within the choline transporter gene and diagnoses of major depression and attentiondeficit hyperactivity disorder.
INTRODUCTION
Survival is dependent on adaptively shifting attention toward biologically salient stimuli and remembering the contexts in which these stimuli were encountered. Shifting attention functions to marshal resources in service of reactive responses while remembering contexts allows for proactive responses. Evidence from animal models suggests that the amygdala enables these processes directly through glutamatergic projections, and indirectly by promoting the release of acetylcholine (ACh) within downstream target regions including the hippocampus and prefrontal cortex (PFC).
Specifically, the basolateral amygdala (BLA) provides glutamatergic efferents to the PFC and hippocampus (Orozco-Cabal et al., 2006; Felix-Ortiz and Tye, 2014) . The BLA additionally projects to cholinergic nuclei in the basal forebrain, including the nucleus basalis of Meynert, which in turn provide cholinergic efferents to both PFC and hippocampus (Price and Amaral, 1981; Russchen et al., 1985) . Release of ACh in the hippocampus and PFC functions to increase responsiveness of target neurons by lowering their action potential thresholds, rendering them more sensitive to glutamatergic signaling (Sawaguchi and Matsumura, 1985; Nakajima et al., 1986) . Consistent with this evidence, electrical stimulation of the BLA results in increased activity in both the PFC and hippocampus, which can be blocked by cholinergic-muscarinic receptor antagonists (Dringenberg and Vanderwolf, 1996) .
Abundant research in animal models has established the critical importance of these pathways in facilitating attention and memory; however, scant evidence exists in support of similar pathways in humans. While multiple studies in humans have examined how systemic pharmacologic augmentation of ACh globally affects function of the PFC and hippocampus (Bentley et al., 2003 (Bentley et al., , 2008 (Bentley et al., , 2011 , none to date have directly examined the moderating role of cholinergic nuclei on neural pathways supporting shifting attention to and increasing memory for biologically salient stimuli. Here, we apply psychophysio-physiological interaction analyses (McLaren et al., 2012) to blood oxygen level-dependent functional magnetic resonance imaging (BOLD fMRI) data collected from 410 young adults during the processing of emotionally expressive facial expressions to directly examine the moderating role of activity in the basal forebrain cholinergic nuclei on the functional connectivity between the amygdala and downstream target regions including the hippocampus and PFC. Within this manuscript, we refer to basal forebrain moderation of task-dependent amygdala connectivity in the statistical sense, based on this three-way interaction. Based on the existing literature, we hypothesized that functional connectivity between the BLA and both hippocampus and PFC would increase during the processing of salient facial stimuli and that greater relative activity in the basal forebrain cholinergic nuclei would facilitate task-modulated functional connectivity. We further hypothesized that such increased functional connectivity between the amygdala and PFC would be associated with faster reaction times on our task consistent with the pro-attentional effect of ACh (Bentley et al., 2003 (Bentley et al., , 2008 (Bentley et al., , 2011 .
To implicate cholinergic signaling specifically in the modulation of these pathways, we additionally used an imaging genetics strategy (Hariri, 2009 ) in a subset of 142 non-Hispanic Caucasians targeting a nonsynonymous single nucleotide polymorphism (SNP) (rs1013940) within the human choline transporter gene (CHT1). Focusing the imaging genetics analyses on this subsample reduces the potential confounding effects of broad differences in genetic background associated with racial and ethnic ancestry. The choline transporter is a presynaptic mechanism through which choline is transported into neurons and subsequently made available for de novo ACh biosynthesis (Sarter and Parikh, 2005) . As such, the choline transporter is a major ratelimiting mechanism in cholinergic signaling, and it has been suggested that choline transporter function is critical for cognitive processes (Sarter and Parikh, 2005) . The valine (89Val) allele of rs1013940 results in a 40-50% decrease in choline uptake in mammalian cell lines in comparison with the isoleucine (Iso89) allele (Okuda et al., 2002) . Thus, we further hypothesized that carriers of the Val allele, who presumably have relatively decreased capacity for de novo ACh biosynthesis and subsequent signaling, would exhibit decreased cholinergic basal forebrain modulation of task-dependent functional connectivity between the amygdala and both hippocampus and PFC.
EXPERIMENTAL PROCEDURES
An extended description of the experimental procedures is included in the Supporting Experimental Procedures (Supplementary Material).
Participants
Data were available from 470 participants who had successfully completed the ongoing Duke NeuroGenetics Study (DNS), which assesses a wide range of behavioral and biological traits among nonpatient, 18-to 22-year-old university students. All participants provided informed consent in accordance with Duke University guidelines prior to participation. BOLD fMRI analyses were limited to 410 participants (237 females, mean age ¼ 19.71 AE 1.27 s.d.), with fMRI data passing our quality control procedures. Imaging genetics analyses were conducted on a further subset of 142 non-Hispanic Caucasians with overlapping fMRI and genotype data.
All participants were in good general health and free of the following study exclusions:
(i) medical diagnoses of cancer, stroke, head injury with loss of consciousness, untreated migraine headaches, diabetes requiring insulin treatment, chronic kidney or liver disease or lifetime history of psychotic symptoms; (ii) use of psychotropic, glucocorticoid or hypolipidemic medication; and (iii) conditions affecting cerebral blood flow and metabolism (e.g. hypertension).
As the DNS seeks to establish broad variability in multiple behavioral phenotypes related to psychopathology, we did not exclude participants based on a diagnosis of any past or current Diagnostic and Statistical Manual of Mental Disorders-IV (DSM-IV) Axis I or select Axis II (antisocial and borderline personality) disorders as identified through clinical interviews using the electronic MINI (Sheehan et al., 1998) . However, as stated earlier, no subjects were taking psychotropic medication at a minimum of 10 days prior to study participation, and we explicitly control for current or past diagnosis in our analyses as described below.
Neuroimaging
Our paradigm, which has been used widely to elicit robust amygdala reactivity (Nikolova and Hariri, 2012; Carre´et al., 2013) , consists of four blocks of a perceptual face-matching task interleaved with five blocks of a shape-matching sensorimotor control. The paradigm was administered while acquiring BOLD signal across a series of 34 interleaved axial slices on a research-dedicated GE MR750 3T scanner equipped with an eight-channel head coil for parallel imaging.
Genetics
Genomic DNA was extracted from saliva, and rs1013940 genotyping was performed at the National Genetics Institute, a Clinical Laboratory Improvement Amendments certified clinical laboratory and subsidiary of Laboratory Corporation of America, using the Illumina Omni Express Plus chip augmented with a custom array of $300, 000
SNPs (Eriksson et al., 2010; Do et al., 2011; Tung et al., 2011) . Genotype differences in 142 were evaluated between participants homozygous for the Iso89 allele (N ¼ 118) and those carrying the 89Val allele (N ¼ 24).
Statistics

Task-dependent activity
The general linear model of SPM8 (http://www.fil.ion.ucl.ac.uk/spm) was used to conduct fMRI data analyses. Following preprocessing, linear contrasts using canonical hemodynamic response functions were used to estimate main effects of the experimental paradigm (e.g. Faces > Shapes) for each individual. Individual contrast images were then used in second-level random effects models accounting for scan-to-scan and participant-to-participant variability to determine areas engaged by the paradigm using one-sample t-tests with a voxel-level statistical threshold of P < 0.05, family wise error (FWE) corrected for multiple comparisons across the entire brain and a cluster threshold of 10 contiguous voxels.
Psycho-physio-physiological interaction
The general linear model of SPM8 (http://www.fil.ion.ucl.ac.uk/spm) was used to conduct fMRI data analyses using the generalized psychophysiological interaction (gPPI) toolbox (McLaren et al., 2012) . Owing to the small sizes of the amygdala and basal forebrain regions of interest (ROIs) and their relative proximity to one another, spatial smoothing was conducted in a manner that has previously been used to successfully delineate the functional connectivity of similarly situated ROIs (Roy et al., 2009 ). Roy et al. effectively demonstrated differences in functional connectivity between basolateral and central/medial amygdala ROIs using 3 Â 3 Â 3 mm 3 voxel acquisition and 6 mm full width at half maximum (FWHM) spatial smoothing. Here, we used the same probabilistic BLA ROIs used by Roy et al. and a probabilistic basal forebrain ROI from the same toolbox (Eickhoff et al., 2005) . Moreover, we used similar acquisition parameters (3.75 Â 3.75 Â 4 mm voxels) and identical smoothing (6 mm FWHM) on our data as Roy et al. Thus, we are confident in our ability to distinguish signal from these ROIs, particularly given that our basal forebrain ROI was of comparable size and more distant than the central/medial amygdala ROI used by Roy et al. (Amunts et al., 2005; Zaborszky et al., 2008) .
Following preprocessing, deconvolved time courses averaged across the BLA (tc1) and the CH4 region of the basal forebrain (tc2) were separately extracted, and entered into first-level statistical models, which also included a psychological regressor corresponding to the faces and shapes matching task, as well as all interaction terms (tc1*tc2, tc1*task, tc2*task and tc1*tc2*task). Individual beta images corresponding to the three-way interaction term (tc1*tc2*task) were then used in a second-level random effects model accounting for scanto-scan and participant-to-participant variability to determine correlates of the amygdala time course that vary as a function of basal forebrain BOLD signal and experimental condition using one-sample t-tests with a voxel-level statistical threshold of P < 0.05, FWE corrected for multiple comparisons across the entire brain and a cluster threshold of 10 contiguous voxels.
Imaging genetics BOLD parameter estimates corresponding to the 'BLA time course-bycholinergic basal forebrain ROI time course-by-experimental task' three-way interaction term were extracted from the medial PFC (mPFC) and hippocampus. These extracted parameter estimates represent the effect of activity in cholinergic basal forebrain on the taskdependent functional connectivity between the BLA and ipsilateral mPFC and hippocampus. Analysis of covariance controlling for gender and past or current DSM-IV diagnosis was conducted to assess the effects of CHT1 rs1013940 on these parameter estimates in a subsample of 142 non-Hispanic Caucasian.
Performance
To determine if the patterns of cholinergic basal forebrain moderation of task-dependent functional connectivity predicted behavioral performance, namely, reaction times, BOLD parameter estimates corresponding to the 'BLA time course-by-cholinergic basal forebrain ROI time course-by-experimental task' three-way interaction term from the mPFC cluster were entered into a multiple regression model predicting the difference between reaction times derived from correctly identified trials from task and control blocks. Gender as well as past or current DSM-IV diagnosis were entered as covariates.
RESULTS
Task-dependent activity
Consistent with prior studies (Hariri et al., 2002; Nikolova and Hariri, 2012; Ahs et al., 2013; Carre´et al., 2013; Prather et al., 2013; Wellman et al., 2013) , analyses in the full sample (N ¼ 410) revealed robust (P < 0.05, whole-brain FWE corrected) activity in bilateral amygdala, hippocampus and posterior fusiform gyrus as well as medial and lateral PFC in response to salient biological stimuli, namely, novel facial expressions (Supplementary Figure 1) .
Activity of cholinergic basal forebrain moderates amygdala connectivity Psycho-physio-physiological interaction analyses in the full sample (N ¼ 410) revealed that the magnitude of task-dependent functional connectivity between the BLA and downstream targets was significantly modulated by activity in the cholinergic basal forebrain. Specifically, activity within the right cholinergic basal forebrain ROI moderated task-dependent functional connectivity between the right BLA and distributed areas of the cortical mantle, the medial temporal lobes, striatum and cerebellum (see Table 1 for coordinates and voxel statistics). Similar results were observed in the left hemisphere (Table 2) . Of specific interest, the magnitude of activity in cholinergic basal forebrain ROIs predicted larger increases in task-dependent functional connectivity between the BLA and both hippocampus and mPFC in the right (Figure 1 ) and left hemispheres.
CHT1 rs1013940 predicts cholinergic moderation of amygdala connectivity Analyses revealed that in comparison with individuals homozygous for the Iso89 allele, the magnitude of cholinergic modulation of taskdependent functional connectivity between the right BLA and both hippocampus (F ¼ 5.44, P < 0.05) and mPFC (F ¼ 5.43, P < 0.05) was significantly decreased in carriers of the 89Val allele (Figure 2 ). The effects of CHT1 rs1013940 genotype on these patterns in the left hemisphere were not significant (P's > 0.1). Effects on task performance Parameter estimates extracted from the mPFC cluster were not associated with reaction times (all P's > 0.1). To assess whether connectivity with other cortical regions involved with attention or sensory information processing were associated with reaction times, parameter estimates between the right BLA and dorsolateral PFC as well as right BLA and posterior fusiform gyrus were entered into multiple regression models with reaction time differences as the outcome. Although not statistically significant after correction for multiple comparisons, the patterns were consistent with a facilitating effect of increasing functional connectivity on faster reaction times (left dorsolateral PFC: ¼ À18.25, P ¼ 0.010; right dorsolateral PFC: ¼ À9.53, P ¼ 0.229; left posterior fusiform gyrus: ¼ À17.54, P ¼ 0.094; right posterior fusiform gyrus: ¼ À14.51, P ¼ 0.145). The effect of CHT1 rs1013940 genotype on reaction time differences was not significant after controlling for the effects of gender and past or current DSM-IV diagnosis ( ¼ À14.51, P ¼ 0.145). However, in light of the striking effect of CHT1 rs1013940 genotype, we explored associations with reaction time differences in only the 118 nonHispanic Caucasian participants homozygous for the Iso89 allele for whom there was significant moderation of connectivity. Again, parameter estimates extracted from the mPFC cluster were not associated with reaction times (all P's > 0.1). In contrast, parameter estimates from other cortical regions were significantly associated with faster reaction time differences (left dorsolateral PFC: ¼ À23.48, P ¼ 0.074; right dorsolateral PFC: ¼ À32.84, P ¼ 0.036; left posterior fusiform gyrus: ¼ À47.20, P ¼ 0.020; right posterior fusiform gyrus: ¼ À45.66, P ¼ 0.025).
DISCUSSION
Our results provide novel evidence for the importance of human cholinergic basal forebrain activity in modulating the functional connectivity of the amygdala and downstream targets including the hippocampus and PFC in response to biologically salient stimuli.
Such cholinergic modulation of corticolimbic circuitry is consistent with the potentiating effects of ACh on attentional and mnemonic processes supported by the PFC and hippocampus, respectively. Our data further highlight neuroanatomical pathways in the human brain consistent with the importance of the amygdala in promoting reactive and proactive information processing in the service of adaptively responding to challenges emerging in our environments (Davis and Whalen, 2001; Sander et al., 2003; LaBar and Cabeza, 2006) .
Increased attention to biologically salient events is important for generating appropriate responses to environmental challenge, and the amygdala supports the survival of an organism by directing attention toward relevant stimuli in the environment. Increased attention is elicited by potentially threatening or ambiguous stimuli and often results in such behaviors as searching or scanning activity (Yang et al., 2004) , which, in ecological contexts, is associated with increased stimulus detection (Caine, 1984) and is positively associated with survival rates for organisms in areas with high predation risk (Sansom et al., 2009) . Further, research in humans has demonstrated that participants can more quickly identify threatening stimuli during threatening contexts, and that increased connectivity between the amygdala and mPFC predicts this recognition advantage (Robinson et al., 2012) . Our results provide a plausible neuroanatomical basis from such adaptive responding in humans that is highly consistent with those identified in animal models (Voytko et al., 1994; Baxter and Chiba, 1999; Parikh et al., 2013) .
Contextual information is likewise necessary for adaptive behavior, as it allows organisms to predict and proactively respond to future environmental demands. Previous research has demonstrated that interactions between the amygdala and hippocampus during encoding predict better subsequent memory for emotional events (Dolcos et al. 2004) . Moreover, contextual conditioning affects ACh release within the hippocampus and results in increased connectivity between the amygdala and hippocampus (Nail-Boucherie et al. amygdala and hippocampus during the processing of salient stimuli, which may promote subsequent memory for the stimuli. Our imaging genetics analyses further implicate cholinergic signaling pathways in the task-dependent modulation of functional connectivity between the amygdala and both hippocampus and PFC. Specifically, we demonstrate that the 89Val allele of CHT1 rs1013940 is associated with relatively decreased cholinergic basal forebrain modulation of functional connectivity. Previous research has demonstrated that the 89Val allele results in a 40-50% decrease in choline uptake (Okuda et al., 2002) , which would presumably decrease de novo ACh biosynthesis and subsequent cholinergic signaling. Interestingly, the 89Val allele has been linked to increased incidence of attentiondeficit hyperactivity disorder (English et al., 2009) . Our current results suggest that this risk may be mediated by decreased functional connectivity between the amygdala and mPFC necessary for target detection, sustained attention and response inhibition (Strange et al., 2000; Kiehl et al., 2001; Ousdal et al., 2008) . This relative reduction in taskdependent functional connectivity between the amygdala and mPFC may further inform associations between the 89Val allele and increased risk for depression (Hahn et al., 2008) . Cognitive reappraisal is linked to reductions in negative affect, and increased functional coupling of the mPFC and amygdala predict the level of reduction in negative affect (Banks et al., 2007) , processes that are impaired in depressed individuals and predict depressive symptoms (Erk et al., 2010) .
It is unclear why we observe effects of rs1013940 in the right, but not the left hemisphere. However, it is possible that this laterality is an artifact of our experimental paradigm. Previous research has suggested that the right amygdala is responsible for the immediate detection of salient stimuli, while the left amygdala is responsible for more elaborative stimulus processing (Whalen et al., 1998; Phillips et al., 2001; Wright et al., 2001 ). Our perceptual matching task with multiple novel trials is likely biased toward the former processing pattern resulting in preferential reactivity and subsequent connectivity of the right amygdala. This possibility is supported by the observation of nominally larger effects of connectivity for the right amygdala, especially with clusters in the frontal lobe. Thus, it is possible that effects of rs1013940 within the left hemisphere would be observed with experimental paradigms involving more elaborative processing. Additional research is needed to evaluate this possibility.
There are important limitations to our current work deserving careful consideration. First, our work cannot establish a direct link between activity in the cholinergic basal forebrain measured with BOLD fMRI and ACh release. However, studies in primates suggest that 90% of neurons within our anatomical ROIs are cholinergic (Mesulam et al., 1983) , and the results of our imaging genetics further implicate cholinergic signaling in pathways characterized by dense cholinergic projections (Mesulam et al., 1983 (Mesulam et al., , 1986 Okuda et al., 2002) . Nevertheless, explicit demonstration that the modulation of functional connectivity we describe using BOLD fMRI is associated with variation in ACh release in target regions as may be possible with neuroreceptor positron emission tomography (Frey et al., 1992; Ding et al., 1996; Shinotoh et al., 2000) would be welcome.
Second, we lack clear evidence that the cholinergic modulation of task-dependent functional connectivity is expressed as improvement in either attentional or mnemonic processes as would be predicted. Specifically, increased functional connectivity between the BLA and mPFC as a function of cholinergic basal forebrain activity did not significantly predict faster differential reaction times between our task and control conditions. Although cholinergic modulation of functional connectivity between the BLA and other cortical regions including the dorsolateral PFC and fusiform gyrus did nominally predict faster reaction times, these effects did not reach statistical significance after correcting for multiple comparisons. However, we used a simple perceptual matching task that does not tax attentional resources with participants performing near ceiling for accuracy (Faces mean % ¼ 97.3 AE 6.1 s.d.; Shapes mean % ¼ 96.6 AE 7.2 s.d.), and exhibiting little inter-individual variability in reaction time differences between conditions (mean ¼ 236 ms AE 151 s.d.). Thus, even a nominal effect on reaction times consistent with cholinergic potentiation of attention is noteworthy. Likewise, we could not examine potential effects of these modulatory pathways on mnemonic function, as we did not probe subsequent memory for our task stimuli. Thus, we lack the necessary dependent variables to examine the possible pro-mnemonic effects of the observed cholinergic modulation of functional connectivity between the BLA and hippocampus. Future work using more demanding tasks (e.g. attentional conflict) or explicit tests of episodic memory could reveal that these modulatory pathways do, in fact, promote reactive and proactive behavioral processes associated with adaptive responses to the environment.
These limitations notwithstanding, our current results are the first to demonstrate that the human cholinergic basal forebrain contributes to changes in the functional connectivity of the amygdala and downstream targets including the PFC and hippocampus in response to biologically salient stimuli. Further, our results provide novel evidence that a putatively functional genetic polymorphism in the human choline transporter gene (rs1013940) is associated with alterations in cholinergic basal forebrain modulation of corticolimbic circuit connectivity. Thus, our findings shed light on a fundamental neural mechanism for the promotion of attention and memory in humans and also inform possible neurogenetic pathways of risk for psychopathology associated with cholinergic dysfunction.
SUPPLEMENTARY DATA
Supplementary data are available at SCAN online.
